Dynamics of excited states in porphyrin J-aggregates has been investigated using femtosecond time-resolved fluorescence and absorption spectroscopies. An ultrafast relaxation process due to internal conversion ͑IC͒ from the S 2 -exciton state to the S 1 -exciton state is observed as an S 2 -fluorescence and a recovery from a bleaching of the S 2 -exciton state. The S 2 -fluorescence shows a sharp spectrum with almost no Stokes shift with a decay-time constant of 360Ϯ70 fs. In the transient absorption spectrum, the bleaching of the S 2 -exciton state disappears with a time constant of about 300 fs, which is in agreement with the result of the time-resolved fluorescence data. Relaxation dynamics of the S 1 -exciton following S 2 →S 1 IC is also studied and several relaxation processes such as an intra-aggregate vibrational energy redistribution, vibrational and phase-space coolings are investigated.
I. INTRODUCTION
In organic dye molecules, the stationary fluorescence usually occurs from the lowest excited singlet state ͑S 1 -state͒ and does not depend on which excited state is photoexcited because of the fast radiationless relaxation from the higher excited states. This is well known as Kasha's rule. 1 However, some organic molecules emit fluorescence not only from the S 1 -state but also from the higher excited state including the S 2 -state. So far, such fluorescence in the steady and/or transient states has been observed in azulene, 2, 3 carotenoids, 4 -6 and other aromatic molecules. [7] [8] [9] Some porphyrin derivatives and their arrays are also known to be emitting fluorescence from the second-excited singlet-state. [10] [11] [12] [13] [14] [15] [16] [17] [18] This is explained by the suppression of the S 2 →S 1 internal conversion ͑IC͒ due to the following three reasons. First, there is a large energy separation between the S 2 -and S 1 -states ͑ϳ0.94 eV͒, therefore, the radiationless decay is expected to be slow due to the low density of the vibronic states participating in the radiationless process. Second, both of the S 2 -and S 1 -states are considered as 50-50 admixtures of two common excited electronic configurations 1 (a 1u e g ) and 1 (a 2u e g ) in accidental degeneracy, and the energy surfaces of the S 2 -and S 1 -states are nearly parallel in the molecular geometric configurations. Third, there are no allowed excited triplets between S 2 -and S 1 -states. 12 Although S 1 -and S 2 -fluorescences of porphyrin monomers have been investigated previously, there are few reports related to the S 2 -exciton dynamics of the porphyrin J-aggregates. [19] [20] [21] The S 2 -fluorescence from the J-aggregates is believed to be almost quenched although the energy separation between S 2 -and S 1 -states is still large ͑ϳ0.78 eV͒. This is explained mainly by the N-H stretching vibration, which acts as an accepting mode of the electronic excitation energy of the S 2 -exciton state. 20 It is supported by the fact that the quantum yield of the S 2 -fluorescence for metal porphyrin molecule is higher than the one for the free-base or diacid. In addition, Ohno et al. have invoked charge resonance states between the S 2 -and S 1 -exciton states based on a sandwiched dimer configuration. 22 In the present study, however, we have succeeded in the direct observation of the S 2 -fluorescence from the J-aggregates in both stationary and time-resolved spectra. The ultrafast IC has also been investigated by femtosecond absorption spectroscopy and the relaxation time due to S 2 →S 1 IC is estimated to be about 300 fs in good agreement with the S 2 -fluorescence lifetime. To the best of our knowledge, this is the first report of the timeresolved fluorescence and absorption spectra of the S 2 -exciton state of porphyrin J-aggregates. Relaxation dynamics of the S 1 -exciton following S 2 →S 1 IC has also been studied by time-resolved absorption spectroscopy.
II. EXPERIMENT A. Sample preparation
A water solution sample of tetraphenylporphine tetrasulfonic acid ͑TPPS, Tokyo Kasei͒ was used without further purification. The porphyrin monomer was protonated in acidified aqueous medium. The dependence of aggregation increases with the ionic strength of the solution, therefore, KCl was used to enhance the aggregation. The sample solution was circulated through the 1 mm-thick flow-cell ͑100 ml/min͒ in order to avoid temperature damage. ics ͑409 nm, 2.8 GW/cm 2 , and 5.8ϫ10 14 photons/cm 2 ͒ generated by a 3 mm-thick LBO crystal was used as the excitation pulse. The excitation-photon energy ͑3.0 eV͒ matched with the higher energy side of the S 2 -exciton state, therefore, the S 2 -exciton is directly created by the photoexcitation. The gate-pulse intensity and peak power density were 200 J and 70 GW/cm 2 , respectively. The polarization of the gate pulse was 45°-rotated using a /2-waveplate. A 25 mm-thick and a 20 mm-thick Gran-Thompson ͑GT͒ polarizers were utilized as polarizer and analyzer, respectively. The Kerr-medium was a 1 mm-thick glass plate with high refractive index ͑FDS9; nϭ1.824, ␥ϭ1.957ϫ10 Ϫ19 m 2 /W, and (3) ϭ1.651 ϫ10 Ϫ13 e.s.u.@800 nm͒. The time-resolved fluorescence was spectrally dispersed by a polychromator ͑SPEX, 320͒ and detected by a CCD camera with an image intensifier ͑Hamamatsu Photonics, C4880͒. The gate time for the image intensifier was 5 ns. The time resolution of this system was determined to be 570Ϯ40 fs by measuring a gate-time dependence of nonresonance Raman scattering of water, which was ϳ3500 cm Ϫ1 Stokes shifted from the excitation frequency. All measurements were performed at room temperature.
In conventional Kerr-gate method, a thin-film polarizer is utilized as a polarizer. However, in our configuration, the relatively thick GT polarizer ͑25 mm͒ was employed in order to improve the extinction ratio. Owing to this thickness, the time-resolved fluorescence signal suffered from the groupvelocity dispersion ͑GVD͒. This GVD was compensated as follows. The group delay of the time-resolved fluorescence signal was evaluated by the continuum generation by selfphase modulation ͑SPM͒ in a cell containing water. Since this signal is instantaneous, the wavelength-dependent arrival time at the Kerr-medium position was analytically corrected on the basis of the obtained data. One of the advantages of this technique is that it is no need to change the experimental configuration for the data acquisition of the SPM and fluorescence signals. Therefore, the time origin for each wavelength can be compensated precisely.
C. Time-resolved absorption spectroscopy
The laser system was composed of the second harmonics of an Er-doped fiber laser ͑Clark-MXR, SErF͒ and a regenerative amplifier ͑Clark-MXR, CPA-1000͒. The typical duration, energy, and peak wavelength are 130 fs, 510 J, and 775 nm, respectively. The fundamental ͑775 nm, 20 GW/cm 2 , and 1.4ϫ10 16 photons/cm 2 ͒ or the second harmonics ͑SH; 388 nm, 2.7 GW/cm 2 , and 1.1ϫ10 15 photons/cm 2 ͒ generated by the 3 mm thick LBO crystal was used for the excitation pulse, while the white light continuum generated by the SPM in 1 cm-thick CCl 4 liquid was used as a probe and reference pulses. The polarization of the excitation pulse was parallel to the probe pulse. The intensity of the probe pulse passing through the sample and that of the reference pulse were simultaneously measured by a dual multichannel photodiode ͑MCPD͒ detector ͑512 pixelsϫ2, 250SI, Princeton͒. The spectra of the probe and reference pulses were read out from MCPD for each laser shot at a repetition rate of 100 Hz in order to minimize the noise which arises from the pulse-to-pulse spectral fluctuation of the white light continuum. The width of the cross correlation of the excitation and probe pulses was about 550 and 380 fs for the SH-and fundamental-excitation pulses, respectively. In order to compensate the group-delay dispersion of the probe-white continuum, spectrally dispersed Kerr-gating signals from the glass plate ͑FDS9͒ or CCl 4 liquid were measured with use of exactly the same experimental configuration except that the polarizer was placed in front of the detector. The wavelength-dependent arrival time at the sample position was analytically corrected on the basis of the obtained Kerr data. All measurements are performed at room temperature. Figure 1 shows stationary absorption spectrum of TPPS solution and its ionic-strength dependence. The concentration of TPPS is 1ϫ10 Ϫ4 mol/l. They were recorded on a Shimadzu, UV-3101PC, UV-VIS-NIR scanning spectrophotometer. Owing to the existence of two isosbestic points, the aggregation number must be constant for the same dye concentration. This aggregation is facilitated even at TPPS concentration as low as 5ϫ10 Ϫ5 mol/l by addition of cations like K ϩ . The isosbestic points do not shift significantly between ͓TPPS͔ϭ5ϫ10
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A. Stationary absorption spectrum
Ϫ5 mol/l and 1ϫ10 Ϫ4 mol/l. In the case of no ion concentration (͓KCl͔ϭ0), two absorption bands are mainly observed; the B-band ͑Soret band or S 2 -state͒ in the blue-near ultraviolet (ប max ϭ2.86 eV) and the Q-band ͑S 1 -state͒ in the red region ͑ប max ϭ1.92 and 2.09 eV͒. The Soret-band has extremely large absorption coefficient. The two peaks in the Q-band at 1.92 and 2.09 eV are assigned to Q͑0, 0͒-and Q͑1, 0͒-states, respectively.
An aggregation equilibrium such as (J-aggregate) N(Monomer) can be controlled by the ionic strength, where N denotes the coherence length of the exciton ͑exciton delocalization length͒. It is noted that the physical size of the aggregate is different from the coherence length ͑or spectroscopic size͒ due to a disorder in the system. 23 As the ionic strength increases, sharp absorption peaks appear at 1.75 and 2.53 eV, which indicates formation of the J-aggregates. As shown in Fig. 1 , two isosbestic points are clearly observed at 1.87 and 2.73 eV. Since they do not shift for the full concentration range between 0.01 and 0.2 mol/l, there are only two species, i.e., monomers and single J-aggregates with the coherence length of N in the whole concentration range. The absorption spectrum of the J-aggregate is characterized by mainly two bands, the B-band ͑S 2 -exciton state; ប max ϭ2.53 eV͒ and the Q-band ͑S 1 -exciton state; ប max ϭ1.75 eV͒. Since the oriented film of the J-aggregates shows linear dichroism 24 and flow-induced linear dichroism has been observed in solution, 22 the porphyrin J-aggregates are considered to form a rod-shaped one-dimensional structure.
Discussion is now turned to the detailed spectroscopic properties of the J-aggregates. First we shall focus on the B-band. The B-band is split into two components: B x -band (ប max ϭ2.53 eV), parallel to the aggregate axis ͑x axis͒ defined as a direction connecting the centers of neighboring molecules and B y -band (ប max ϭ2.93 eV), perpendicular to that axis. The B x -band is red-shifted and spectrally narrowed relative to the monomer, whereas the B y -band is blue-shifted and spectrally broad. This has been explained by the formation of J-and H-type aggregates, respectively. 22 The slipped face-to-face structure with two x-and y-transition dipole moments allows both J-type and H-type transitions in a single aggregate. Hence, some groups have ascribed the peak at 2.93 eV to H-aggregate. 22, 25, 26 On the other hand, Maiti et al. has attributed this peak to an intermediate between a H-dimer and J-aggregate. 27 Next we shall concentrate on the Q-band. The Q x -band is located at 1.75 eV and Q y -band may be ascribed to a shoulder around 1.85 eV. The two sharp absorption peaks at 2.53 eV ͑B x -band͒ and 1.75 eV ͑Q x -band͒ are predominant in the stationary absorption spectrum of the J-aggregates, therefore, in the following we shall focus on these two bands.
B. Stationary fluorescence spectrum
Stationary fluorescence spectrum of the TPPS is shown in Fig. 2 . They were recorded on a Hitachi, F-4500, fluorescence spectrophotometer. Excitation photon energies are 3.10 and 2.53 eV for S 2 -and S 1 -fluorescence, respectively. In fluorescence spectrum of the monomer, two peaks at 2.77 and 1.84 eV are ascribed to the fluorescence from the S 2 -and S 1 -states, respectively. As the ionic strength increases, new and sharp fluorescence peaks appear at 1.73 and 2.50 eV, which indicates the aggregate formation. It is worth noting that the Stokes shifts of the S 2 -and S 1 -fluorescences from the J-aggregates are significantly smaller than those of the monomer. The S 1 -fluorescence from the J-aggregates reaches a peak and drops because of re-absorption effect and scattering due to the aggregate formation.
The natural lifetime, 0 , is also calculated from the stationary absorption and fluorescence spectra using the Stricker-Berg equation
Here n, g l , g u , f , and ⑀( ) represent the refractive index of the solvent ͑ϭ1.33͒, the degeneracies of the ground and excited states ͑ϭ1/2͒, the peak of the fluorescence spectrum, and the absorption band shape function in terms of wave number, respectively. Although Eq. ͑1͒ holds for an allowed transition such as S 2 -state in general, it is also applied to the S 1 -state because the S 1 -state becomes quasi-allowed state due to the configuration interaction and vibronic coupling.
The calculated results are shown in Table I . It is noted that the effect of inhomogeneity is not taken into account. Figure 3 shows time-resolved fluorescence spectra of the TPPS J-aggregates. The concentrations of TPPS and KCl were 5ϫ10
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Ϫ5 mol/l and 3ϫ10 Ϫ3 mol/l, respectively. In Fig.  3 , the fluorescence intensity due to the monomer has been subtracted by taking account of the ratio of the absorbance of the J-aggregate to the monomer at the excitation-photon energy. This ratio is estimated to be about 2.33 by decomposing the absorption spectrum of the sample solution into those of the J-aggregate and the monomer. Owing to the flow cell, the fluorescence signal from both of the monomer and J-aggregates were measured exactly in the same experimental configuration. For reference, an inset in Fig. 3 shows each raw data at zero gate-time for the monomer and the J-aggregates partly containing the monomer. Figure 3 clearly indicates two peaks around 2.60 and 2.53 eV. The former signal is observed even without porphyrin, therefore, it is ascribed to Raman scattering due to the solvent ͑water͒. On the other hand, the sharp peak at 2.53 eV is absent in the fluorescence spectrum of the monomer ͑see the inset in Fig.  3͒ . Since this peak position coincides with the absorption maximum of the S 2 -exciton band of the J-aggregate, it is reasonably attributed to the S 2 -exciton fluorescence from the J-aggregate. The bandwidth of the time-resolved spectrum of the S 2 -exciton fluorescence is about 0.05 eV, and it also agrees well with those of the stationary fluorescence ͑ϳ0.06 eV͒ and absorption ͑ϳ0.05 eV͒ spectra. This consistency of the bandwidth confirms our assignment. A gate-time dependence of the fluorescence intensity at the peak position of the S 2 -exciton state ͑2.53 eV͒ is depicted in Fig. 4 . The fluorescence decay curve clearly shows extremely short fluorescence lifetime. The trace is fitted with the sum of a delta function and an exponential function with a time constant of 360Ϯ70 fs convoluted with the apparatus function. The exponential-decay component is ascribed to the S 2 -fluorescence from the J-aggregates. On the other hand, the instantaneous response is ascribed to two components. The one is Raman scattering from the water, whereas the other is the fluorescence from the J-aggregates, because the sharp spectral profile at 2.53 eV is also contributing to the instantaneous response. The latter contribution may be explained by the hot luminescence from the S 2 -exciton state. Hence, the decay-time constant, 360Ϯ70 fs, seems to give an upper limit of the lifetime of the S 2 -exciton. Using the same function, the S 2 -fluorescence from the monomer is also fitted and the decay-time constant is determined to be 480Ϯ50 fs.
D. Time-resolved difference absorption spectrum
Spectral profile and delay-time dependence
Time-resolved difference absorption spectra ͓⌬A(ប,t)͔ and the temporal profiles are depicted in Figs. 5 and 6, respectively. The excitation-photon energy and the excitation-photon density are 3.1 eV and 2.7 GW/cm 2 , respectively. The concentrations of TPPS and KCl are 1 ϫ10 Ϫ4 mol/l and 1ϫ10 Ϫ2 mol/l, respectively. Immediately after photoexcitation, bleaching at both of the S 2 -and S 1 -exciton states ͑B-and Q-bands͒ and broad photo-induced absorption ͑PIA͒ are observed. The spectral profile of the induced absorption does not change significantly after 5 ps delay time and the signal decreases monotonously.
In the following, three spectral regions are mainly to be discussed: ͑i͒ around 1.75 eV; bleaching at the Q-band; ͑ii͒ around 2.53 eV; bleaching at the B-band; ͑iii͒ region between 1.9 and 2.4 eV; broad PIA.
First, we shall focus on the S 1 -exciton band ͑Q-band͒. Two dips at 1.74 and 1.86 eV appear around the Q-band after the photoexcitation. Note that both of them are close to the Q xand Q y -bands, respectively, and are still clearly observed even after 100 ps delay time. In fact, this is unexpected, because several relaxation processes must change the bleaching signal from the sharp spectral profile to the broad one similar to the stationary absorption as increasing the delay time. Hence, we consider that PIA exists between the Q xand Q y -bands. This PIA can be explained by a fundamental property of J-aggregates. In the one-dimensional Frenkelexciton system, the PIA caused by the transition due to ͉2,S 1 ͘←͉1,S 1 ͘ must appear at the probe-photon energy slightly higher than the peak of the J-band because of the so-called Pauli-exclusion principle ͑in other word, phasespace filling effect͒. 29 The existence of the blue-shifted PIA is also supported by the fact that the bleaching peak is slightly red-shifted from the peak of the Q-band. This blueshifted PIA becomes remarkable by resonant 30 or near-resonant 31 excitation of the Q-band. Second, we shall concentrate on the dynamics of the S 2 -exciton ͑B-exciton͒. Since the lifetime of the S 2 -exciton has been reported to be 300 ps, 32 the ''hole'' in the ground state can be probed as the bleaching of the S 2 -band even after the S 1 -exciton is converted to the S 1 -exciton. However, the bleaching of the B-band is almost suppressed in comparison with the bleaching of the Q-band even if the overlapped PIA is taken into account. This suppression is still observed even at delay time longer than 100 ps, at which the S 2 -exciton does not exist. Hence, the suppression must be explained not only by the dynamics of the S 2 -exciton but also by the interaction between the S 1 -and S 2 -excitons. This is discussed in a forthcoming paper, in which the suppression of the IC due to the presence of the S 1 -exciton will be investigated. 33 Third, discussion is now turned to the broad PIA spectrum. The peak position of the broad PIA is far above the S 1 -exciton band, thus it is not attributable to the transition due to ͉2,S 1 ͘←͉1,S 1 ͘. Since PIA appears with no growing component in the whole probe spectral region and it remains to exist at delay times longer than 100 ps. It indicates that both ͉1,S n ͘←͉1,S 2 ͘, and ͉1,S n ͘←͉1,S 1 ͘ transitions contribute to this PIA. Here S n represents the S n -exciton state, which is the excited state of an exciton originated from an S n -excited state of the molecule (nϭ3,4,...). Since ͉1,S n ͘ ←͉G͘ is observed in stationary absorption, the transition such as ͉1,S n ͘←͉1,S 1 ͘ is forbidden because of the different symmetry between the ͉G͘ and ͉1,S 1 ͘ states. However, the finite cross section of the two-photon excitation is expected for ͉1,S n ͘←͉G͘ transition, which results in the PIA due to ͉1,S n ͘←͉1,S 1 ͘ in the nonlinear spectrum. The spectral profile of the PIA changes as follows with the delay time increases. A shallow dip starts to appear around 2.15 eV, resulting in the narrower absorption bandwidth with a peak around 2.35 eV. It can also be regarded as the blue shift of the PIA.
In addition to that, a contribution of the monomer in the time-resolved difference absorption spectrum is to be discussed. From the stationary absorption spectrum of the diacid monomer, the bleaching is expected to be observed at 1.92 eV. In order to verify the contribution of the monomer, a sample mixed with J-aggregates and diacid monomer has also been measured. The spectral profile shows two broad negative dips at 1.93 and 2.09 eV, which are ascribed to the Q͑0, 0͒-and Q͑1, 0͒-bands of the diacid monomer. Since no bleaching signal due to the monomer are found in Fig. 5 , the contribution of the monomer does not affect significantly in the absorbance change. Figure 7 shows excitation-photon-density dependence of the PIA in three probe-photon energies at 5-and 20 ps-delay time. As is clearly observed, the signal is saturated. The saturation-photon density, ⌽ S , is evaluated using the following equation 34, 35 and is listed in Table II: ⌬AϭA͑1Ϫexp͑Ϫ⌽/⌽ S ͒͒. ͑2͒
Excitation-photon-density dependence
Here ⌽ represents the excitation-photon density. A and ⌽ S are parameters to be fitted. Equation ͑2͒ is derived assuming that the pulse duration ( 0 ) is shorter than the lifetime of the excited state ( S 2 ). As will be discussed, the former and the latter are about 200 and 300 fs, respectively, in the present study. Hence the above-mentioned condition is approximately satisfied. The saturation-photon densities for 2.10 and 2.35 eV at 5 and 20 ps delay times are similar to each other and is estimated to be about 3.1ϫ10 14 this saturation-photon density, a cross section per a single aggregate, S , is estimated to be 2.2ϫ10 Ϫ15 cm 2 at 3.1 eVexcitation-photon energy using a following equation:
Excitation-photon-energy dependence
In order to study the excitation-photon-energy dependence, near-resonant S 1 -excitation has been performed by 1.6 eV-excitation-photon energy, which is 0.15 eV lower than the absorption peak of the S 1 -exciton band. Figure 8 shows timeresolved difference absorption spectrum ͓⌬A(ប,t)͔. The excitation intensity was 20 GW/cm 2 . Immediately after photoexcitation, two dips are observed around 1.75 and 2.5 eV. A sharp peak around 2.0 eV with an ultrafast response originates from Raman loss due to the solvent ͑water͒, because an energy difference between the excitation-and probe-photon energy is about 0.42 eVӍ3400 cm Ϫ1 . This is verified by the experimental observation of the sharp structure at 2.0 eV even without porphyrin dissolved. Spectral profile at delaytimes longer than 5 ps is quite similar to the result obtained by the 3.1 eV-excitation-photon energy, except that the bleaching around the Q y -band is smaller. We have also studied the excitation-photon-density dependence of the induced absorption signal and confirmed the super-linear dependence on the excitation-photon density as our group has reported by Kerr-shutter measurement. 19 It indicates that the one-and two-photon excitations are contributing to the induced absorption signal. It will be discussed in the next section.
IV. DISCUSSION
A. Singular value decomposition analysis
The time-resolved absorption data suggests that several transient species appear in the course of the relaxation. In order to characterize the excited-state dynamics, the data is analyzed at first by the singular value decomposition method ͑SVD͒. The SVD method enables us to determine the number of independent temporal and spectral components in the time-resolved spectra. 36 -38 The SVD analysis of the Fig. 5 yields three principal singular values as shown in Fig. 9͑a͒ . The decomposed spectral and temporal components are also shown in Figs. 9͑b͒ and 9͑c͒ , respectively, for the three largest singular values. An ultrafast decay is found in the third largest component with the singular value of 0.33 and this component is dominant at the bleaching of the S 2 -exciton state. As will be discussed in the following subsection, this ultrafast decay is attributed to the S 2 →S 1 IC process, the decay time of which agrees well with the result of the timeresolved fluorescence spectroscopy.
B. A model for relaxation processes
In the present experimental condition, the excitationphoton energy is 3.1 eV, therefore only the S 2 -exciton is directly created. Based on the SVD analysis, we adopt the following kinetics scheme:
Here S 1 * 1 and S 1 * 2 denote nonequilibrium states of the S 1 -exciton state. It is considered that the S 2 →S 1 IC is much faster than an intraband relaxation process in the S 2 -exciton band, therefore it is no need to take account of the intra-S 2 band relaxation. According to this kinetics scheme, the delay-time dependence of the population at each state is derived by solving the following rate equations:
Here N 0 , N 1 , N 2 , and N 3 represent time-dependent populations at each state ͑S 2 , S 1 * 1 , S 1 * 2 , and S 1 ͒. The inverse of the ␥ 0 , ␥ 1 , ␥ 2 , and ␥ 3 are the decay times of corresponding states ͑ 0 , 1 , 2 , and 3 ͒, respectively. The solutions for Eqs. ͑5͒ are given by 
Since each SVD component consists of several relaxation processes, the temporal profile in Fig. 9͑c͒ is fitted to a convolution of the system response function ͑550 fs͒ with a following function:
The largest decay-time constant, 3 , is fixed to be 300 ps, because the lifetime of the S 1 -exciton is reported to be 295 ps with the resonant excitation of the S 2 -exciton band. 32 It is also noted that the rotational motion of the aggregate in the solution is negligible because of its large physical size. It has been confirmed by the fluorescence anisotropy. 39 The decaytime constants obtained from the fitted result of the three principle SVD components are listed in Table III . An ultrafast response is observed in the first and third SVD components. This is the fastest component in the transient absorption, therefore, it is reasonably attributed to the S 2 →S 1 IC process. This assignment is also supported by the result of the time-resolved fluorescence spectroscopy, because the fluorescence lifetime of the S 2 -exciton has been determined to be 360Ϯ70 fs. The ultrafast decay-time constant observed in time-resolved induced absorption signal does not change significantly for 2.7 and 1.7 GW/cm 2 -excitation-power density. As shown in Table III , the SVD analysis indicates the existence of other component, the decay-time constant of which is ranging from 1 to 10 ps.
Next, the time-resolved induced absorption change shown in Fig. 6 are fitted with use of Eq. ͑7͒. Here two decay-time constants, 0 and 3 are fixed to be 0.3 and 300 ps, respectively. Note that the former is determined by the SVD analysis. Figure 10 shows the probe-photon-energy dependence of the decay-time constant. As is expected by the SVD analysis, the other two main decay-time constants are distributed in the region of 1.65-2.60 eV-probe-photon energy. The fast and slow decay-time constants, 1 and 2 , are determined to be 4.2Ϯ1.0 ps and 11Ϯ2 ps by statistical average over 1.65-2.60 eV. Note that these two decay-time constants are similar values to each other. The amplitude of each decay component, ⌬A i (ប) ͑iϭ0, 1, 2, and 3͒ are obtained by fixed four decay-time constants ͑ 0 ϭ300 fs, 1 ϭ4.2 ps, 2 ϭ11 ps, and 3 ϭ300 ps͒. Since we adopted the sequential model, the time-resolved absorption spectrum, ⌬A(ប,t), can be decomposed into four difference spectra of the excited minus ground states, ⌬S i (ប) ͑iϭ0, 1, 2, and 3͒, as follows:
Comparing Eq. ͑7͒ with Eq. ͑8͒, the relations between ⌬A i (ប) and ⌬S i (ប) ͑iϭ0, 1, 2, and 3͒ are approximately expressed as follows:
Here it is assumed that 0
and ⌬S 1 Ϫ⌬S 2 ӷ␥ 2 /(␥ 1 Ϫ␥ 2 )⌬S 3 . Figure 11 shows the difference spectra of the excited minus ground states, ⌬S i (ប) (iϭ0 -3). Each excited-state spectrum indicates following four characteristic features: ͑i͒ The bleaching signals of the B-and Q-bands are dominated in the ⌬S 0 (ប)-component; ͑ii͒ a fast recovery of the bleaching of the B-band is observed in the ⌬S 1 (ប)-component; ͑iii͒ the relatively blue-shifted and localized PIA is observed around 2.35 eV in the ⌬S 2 (ប)-component. PIA is also dominated at the probe-photon energy lower than the Q-band; ͑iv͒ the bleaching of the B-band grows again and the PIA at the probe-photon energy lower than the Q-band becomes flat in the ⌬S 3 (ប)-component.
C. Assignment of each spectral component
The dynamics is reproduced well by using four exponential functions with different decay-time constants; 0 ϭ300 fs, 1 ϭ4.2Ϯ1.0 ps, 2 ϭ11Ϯ2 ps, and 3 ϭ300 ps. Hereafter 4.2 and 11 ps-components are referred to as 4 and 10 ps-components, respectively. In this subsection, the physical origin of each spectral component is investigated. First, we shall focus on the ⌬S 0 (ប)-component. The ⌬S 0 (ប)-component decays with a time constant of 300 fs. This decay-time constant is in good agreement with the decay-time constant of the S 2 -fluorescence (360Ϯ70 fs). Therefore, the ⌬S 0 (ប)-component is reasonably attributable to the IC process from the S 2 -exciton state to the S 1 -exciton state. This assignment is also supported by the fact that the bleaching of the B-band is dominated in the spectrum of the ⌬S 0 (ប)-component. The S 2 →S 1 IC is dominated in the relaxation channel from the S 2 -exciton state because the S 1 -fluorescence is observed under the S 2 -excitation. 32 In order to confirm this process, S 2 -resonant sub-20-fs pump-probe spectroscopy has also been performed and the lifetime of the S 2 -exciton is consistently obtained to be about 300 fs by the recovery from the bleaching. The lifetime of the S 2 -exciton in the present study is, however, different from the one for a spin-coated film, 21 probably because of different sample preparation. In addition, a coherent molecular vibration has also been observed in the S 2 -resonant experiment 40 as well as in the S 1 -resonant experiment. 30 In ⌬S 0 (ប)-component, broad PIA spectrum is also observed between the S 2 -and S 1 -exciton band. This PIA is ascribed to the transition from the S 2 -exciton state to the S n -exciton state. The spectral profile of the bleaching at the S 1 -exciton band is much narrower than that of the stationary absorption spectrum. No population is expected in the S 1 -exciton band at this time scale, therefore, this structure reflects the spectral profile of the ground-state depopulation, namely hole. It is evidenced by the fact that the spectral bandwidth of the laser pulse is about 10 meV, which is much narrower than the linewidth of the stationary absorption spectrum of the S 1 -exciton band.
Second, let us consider the ⌬S 1 (ប)-component. The S 2 -exciton is completely converted to the S 1 -exciton, therefore, the bleaching of the S 2 -exciton band is drastically reduced in the ⌬S 1 (ប)-component. On the other hand, the bleaching of the S 1 -exciton band has broader spectrum than the one of the ⌬S 0 (ប)-component. Previously, our group have attributed the 1 ps-decay component to the lifetime of the S 2 -exciton, because the amplitude of the 1 ps-decay component has shown quadratic dependence on the pump power with the 1.6 eV-excitation-photon energy. 19 However, the IC process due to S 2 →S 1 is revealed to be 300 fs in the present study, and it clearly differs from the decay time of the ⌬S 1 (ប)-component, therefore, another mechanism must be considered. Since the S 1 -exciton is not in thermal equilibrium on this time region because of the S 2 →S 1 IC, several relaxation processes are expected to take place in this time scale. In general, in the case of large molecules in solution, a vibrationally excited population is created after the IC. This population is redistributed in the intramolecular vibrational energy level to achieve thermal equilibrium ͑Boltzman distribution͒ with high temperature. It is so called intramolecular vibrational energy redistribution ͑IVR͒ process, the time scale of which is believed to be 10-100 fs. 41 For the J-aggregates, similar process, namely intra-aggregate vibrational energy redistribution ͑IAVR͒, is expected to take place in the similar time scale ͑Ͻ1 ps͒. Since the decay time of the ⌬S 1 (ប)-component is relatively large ͑ϳ4 ps͒, the ⌬S 1 (ប)-component is not likely to be attributable to the IAVR process. Although several recent studies have reported that the IVR process is not completed on a picosecond time scale, [42] [43] [44] it is less evident that the decay-time constant of 4 ps is due to the IAVR in the present study.
Another possible mechanism for the ⌬S 1 (ប)-component is a bi-excitonic annihilation process, which has been reported in PIC J-aggregates by Sundstrom et al. 45 and Minoshima et al. 46 They have found decay-time constant of about 1 ps and concluded that the 1 ps-decay component originates from the bi-excitonic annihilation process, because the temporal profile was reproduced by a following rate equation:
Here n is the density of excitons, ⌫ 1 is the excitonic decayrate constant, and ⌫ 2 is the bi-excitonic decay-rate constant due to the bi-excitonic annihilation. In a time-resolved absorption spectroscopy, the concentration of the excitons corresponds to the absorbance change (⌬A) induced by the excitation pulse. Thus, Eq. ͑10͒ is written as follows using ⌬A:
Based on this bi-excitonic annihilation model, the decay profile is fitted to the sum of the two exponential functions ͑ 0 and 3 ͒ and the solution of Eq. ͑11͒. Assuming ⌫ 1 ϭ(10 ps)
Ϫ1 , the decay-rate, ⌫ 2 Ј , at 2.07 eV is determined to be 30Ϯ7 ps Ϫ1 for the excitation-power density of 2.7 GW/cm 2 . However, this value cannot reproduce the experimental result for 1.7 GW/cm 2 -excitation-power density. Because of this inconsistency, the bi-excitonic annihilation process is probably ruled out. The bi-excitonic annihilation process has been investigated in Ref. 19 and a similar result has also been obtained.
The other mechanism which can explain the ⌬S 1 (ប)-component is vibrational cooling process. After the IVAR process, the ''hot'' exciton subsequently dissipates the vibrational energy into inter-aggregate energy transfer from the solute to the solvent. It is called vibrational cooling ͑VC͒ process, the time scale of which is in the order of 10 ps in the case of organic molecules. 41 In fact, there are two hot states for the aggregate system. The one is the vibrationally excited hot state, whereas the other is hot state in the k-space ͑phase space͒. The value of k represents the mode of the one exciton, the wave function of which is defined as follows:
͑12͒
Here ͉n͘ represents the wave function for a single excitation of the nth molecule. Note that the interaction of the exciton with the vibration is not taken into account in Eq. ͑12͒. After the IC and IAVR, it is reasonable to consider the cooling process from the vibrationally excited exciton with the several higher mode of k. Concerning the ⌬S 1 (ប)-component, the first-order momentum of the PIA spectrum shifts to blue as increasing the decay time. It can also be observed in the VC process. The above-mentioned spectral profile also affect the temporal profile as follows. The decay-time constant becomes smaller at smaller probe-photon energy. This is not clearly observed as shown in Fig. 10 . In fact, the expected probe-photon-energy dependence of the decay-time constant has been observed to be 1-2 ps using laser pulses with sub-5 fs duration. 30 In our previous study, 30 the S 1 -exciton is directly created and the decay-time constant increases with the probe-photon energy. Hence, in the present study, the VC process is expected to take more time because the S 2 -exciton is photoexcited and the S 1 -exciton created through S 2 →S 1 IC has larger excess energy than the one in the previous study. 30 As a result, the ⌬S 1 (ប)-component is mainly attributable to the VC process. The ⌬S 1 (ប)-component is also observed in the case of 1.6 eV-excitation photon energy. The quadratic dependence observed in Ref. 19 may also be explained by the VC process of the S 1 -exciton, which is created through the IC of the two-photon-excited S 2 -exciton.
Third, the discussion is now turned to the spectral profile of the ⌬S 2 (ប)-component. This component must also contribute to the relaxation processes due to both of the VC and PSC. Especially, in the case of the ⌬S 2 (ប)-component, the contribution of the phase-space cooling ͑PSC͒ process is in-dicated by the prominent PIA around 1.71 eV, which is lower than the peak photon energy of the Q-band. A similar spectral shape and decay-time constant ͑20 ps͒ has been reported for the PIC J-aggregates. 46 The red-shifted PIA has been ascribed to the transitions from k 1 one-exciton state to a two-exciton state, because the transition energy associated with k 1 one-excitons is lower than the transition energy from the ground state to the kϭ1 one-exciton state. In the present experiment, similar transition is expected to occur after the S 2 →S 1 IC process, because several S 1 -excitons have k 1 momenta through the IC. Both hot states in the vibrational levels and in the phase space are expected to be cooled down by the interaction with the solvent. Since the energy separation between the different k-exciton is estimated to be about 200 cm Ϫ1 assuming Nϭ11, 22 the order is similar to the vibrational frequency. Although the ⌬S 2 (ប)-component is mainly ascribed to the PSC process caused by the interaction with the solvent, both the VC and PSC processes are considered to occur in the similar time scales ͑4 -10 ps͒. Therefore, strictly speaking, the ⌬S 1 (ប)-and ⌬S 2 (ប)-components cannot be distinguishable with each other. It is also noted that the sequential model is not adequate for the system which involves IVR process, because the decay-time constant depends on the probe-photon energy and is not expressed as a single decay component. The sequential model can be, therefore, regarded as a simplified model in the present study, and is adopted in order to gain an overview of the dynamical process.
Finally, all the transient signals disappear with the time constant of 3 ϭ300 ps, which corresponds to the S 1 -exciton lifetime. As was shown in the ⌬S 2 (ប)-component, the ⌬S 3 (ប)-component also gives blue-shifted and slightly narrower PIA around 2.35 eV. In this time scale, the hot S 1 -exciton is completely thermalized.
V. CONCLUSION
The ultrafast relaxation process due to the S 2 →S 1 IC has been revealed by time-resolved fluorescence and absorption spectroscopies. The decay-time constant of the S 2 -fluorescence of the J-aggregate is determined to be 360 Ϯ70 fs. The recovery from the bleaching of the S 2 -exciton band has also been studied by the pump-probe spectroscopy and the decay-time constant is consistently obtained to be 300 fs. The relaxation mechanism proposed on the basis of the time-resolved fluorescence and absorption data is summarized in Fig. 12 . Assuming Nϭ11, the exciton superradiant lifetime of the S 2 -exciton is estimated to be about 460 ps from the Stricker-Berg equation ͓Eq. ͑1͔͒ and it is much longer than the observed lifetime. It indicates that the S 2 →S 1 IC process determines the lifetime of the S 2 -exciton more dominantly than the superradiant lifetime. Relaxation dynamics of the S 1 -exciton following S 2 →S 1 IC have also been studied based on the sequential model and following three relaxation processes are time-resolved. After the intraaggregate vibrational energy redistribution ͑IAVR͒, the S 1 -exciton is cooled down through both of the vibrational cooling ͑VC͒ and the phase-space cooling ͑PSC͒ processes in the time scale of 4 -10 ps. Finally, the S 1 -exciton relaxes to the ground state with the decay-time constant of 300 ps. 
